We suggest a scheme to reconstruct a two-mode entangled state in cavity QED by using the interaction of a V-configuration three-level atom and by driving the cavity field. After the atomic interaction with the cavity fields, the probability of the atom being in its initial ground state is found to be directly related to the two-mode Wigner characteristic function. The Wigner function and the four-dimensional density-matrix elements can be obtained for the two-mode entangled field by simple transformations. We consider both the cases where two entangled modes are prepared in one cavity or in two spatially separated cavities.
I. INTRODUCTION
In recent times, the subject of state reconstruction has become a major field of study in quantum optics ͓1,2͔. The quasiprobability functions and density matrices have been measured experimentally for single-mode running fields using the homodyne scheme ͓3͔. There are also novel proposals to reconstruct quantum states by photon statistics. Direct photodetection of a light field gives information only on the diagonal elements of its density matrix so an auxiliary device is needed before photodetection of the field; the device can be a beam splitter or a linear amplifier ͓4͔. A quantum state has been experimentally reconstructed for a one-dimensional harmonic motion in a trap by considering the excitation probability for the ion's electronic state ͓5͔. There have also been proposals for a magnetic field ͓6͔ and for an atomic state ͓7͔. Quantum-state reconstruction schemes have been suggested for the fields in high-Q cavities ͓1,8,9͔. However, most of the earlier reconstruction schemes are for singlemode fields apart from the work of Raymer et al. ͓10͔, where they study reconstruction of a two-mode running field. In this paper we are interested in reconstruction of a two-mode entangled cavity field.
Entangled states have been at the focus of discussions in quantum optics. Two-system entanglement ͓11͔ allows more diverse measurement schemes which can admit tests of local realism ͓12͔. In the heart of quantum teleportation, computing, and cryptography, entanglement resides ͓13-15͔. Proposals to entangle fields in two spatially separated cavities exist ͓16,17͔. Furthermore, it has recently been suggested that an unknown atomic state can be teleported between two cavities which are entangled ͓18͔. A two-level atom in its excited state passes sequentially through two resonant singlemode cavities and is found to be in its ground state after the second-cavity interaction. The atom could have deposited a photon either in the first cavity or in the second so that the final state ͉⌿ f ͘ of the two-cavity field is ͓16͔
͑1͒
where ͉1,0͘ denotes one photon in the first cavity and none in the second, and ͉0,1͘ vice versa. It is also possible to produce coherent state entanglement ͉⌿ c ͘ between two separate cavities ͓17͔:
͑2͒
where ͉␣,0͘ denotes the first cavity in the coherent state ͉␣͘ and the second in the vacuum. A two-level atom passes through two far-off resonant cavities where an external driving field is simultaneously coupled. The external driving field is switched on by the atom being in its excited state. By preparing the atom in a superposition of excited and ground states, the atomic switch is in a quantum superposition. The atomic quantum switch can entangle two cavities to be in the state ͑2͒.
Meystre ͓16͔ and Davidovich et al. ͓17͔ suggested that the probability of atomic inversion for the second atom would reflect the interference between two-component states. In this paper we propose a scheme to reconstruct two-mode entangled states in high-Q cavities. We assume two cases of cavity-field entanglement: ͑i͒ Entanglement of two-mode fields in a cavity, and ͑ii͒ entanglement of two-mode fields of which one mode is in a cavity and the other mode is in a spatially separate cavity. In this paper, we only examine the question of reconstruction of the two-mode entangled states in a cavity or in two separate cavities assuming that the entangled states have been prepared.
There have been studies on reconstructing a single-mode field in a cavity by probing it with two-level atoms ͓1͔. In particular, Kim et al. found that the probability of atomic inversion after a two-level atom interacts with a cavity field is directly related to the Wigner characteristic function ͓9͔, which is the Fourier transform of the Wigner function. We consider the following scheme to reconstruct the state of a two-mode field. We first displace the original entangled state by coupling resonant classical fields to the cavities. We then prepare a V-configuration three-level atom in its ground state and send it to interact with cavity fields. Throughout the paper we assume high-Q cavities so that the temporal evolution of the combined atom-field system is almost reversible, described by a three-level Jaynes-Cummings-type interaction ͓19͔. This condition fits well the current experimental situation where the cavity damping time is three orders of *On leave from Department of Physics, Sogang University, 
